We perform time-correlated single-photon counting measurements on 9 ps pulses from a cw mode-locked Nd laser passed through highly turbid water suspensions of Intralipid™, which is a phantom medium widely used for light propagation studies. By detecting photons emerging at very small angles with a system whose pulse-response duration is ϳ34 ps full width at half-maximum, we obtain time- The use of time-resolved approaches to improve spatial resolution for imaging through highly scattering media ͑e.g., atmosphere, human tissues͒ received a boost in the 1990s from the development of high peak-power picosecond laser sources in the red/near-infrared. These approaches share the aim of enhancing the sensitivity with which the optical signal emerging early from the sample is detected, as compared to the late-arriving signal given by scattered photons. Most published works concern nonlinear time-gating techniques based on a variety of interactions occurring in either secondor third-order nonlinear materials ͑see the review by Hebden and co-workers 1 ͒, which have been applied not only to forward-, but also to backward-propagating signals.
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We perform time-correlated single-photon counting measurements on 9 ps pulses from a cw mode-locked Nd laser passed through highly turbid water suspensions of Intralipid™, which is a phantom medium widely used for light propagation studies. By detecting photons emerging at very small angles with a system whose pulse-response duration is ϳ34 ps full width at half-maximum, we obtain time- The use of time-resolved approaches to improve spatial resolution for imaging through highly scattering media ͑e.g., atmosphere, human tissues͒ received a boost in the 1990s from the development of high peak-power picosecond laser sources in the red/near-infrared. These approaches share the aim of enhancing the sensitivity with which the optical signal emerging early from the sample is detected, as compared to the late-arriving signal given by scattered photons. Most published works concern nonlinear time-gating techniques based on a variety of interactions occurring in either secondor third-order nonlinear materials ͑see the review by Hebden and co-workers 1 ͒, which have been applied not only to forward-, but also to backward-propagating signals. 2 On the contrary, there are very few papers in which either ultrafast light detectors ͑e.g., streak cameras 3, 4 ͒ or time-correlated single-photon counting ͑TCSPC͒ techniques (Ͼ80 ps time resolution with customized ultrafast Hamamatsu photomultiplier tubes in Ref. 5͒ were utilized. The demonstration that a particular time-resolved approach operates good selection in the forward-scattered light of the early-arriving photons can be provided by the improvement in some figure of merit of the images [6] [7] [8] [9] [10] [11] [12] [13] [14] or, more directly, by the profile of the photon time-of-flight ͑TOF͒ distributions. Experimental TOF distributions exhibiting a marked peak at short delay time have been reported for different turbid media. The ballistic light and diffused light were measured by operating the timeselection with either nonlinear optical gates 6, 7 or with a streak camera with 8 ps resolution. 3 In this letter, we present TOF distributions measured by a TCSPC technique in an extremely narrow angle about the forward direction and show that the early peak is detectable through samples of turbid media with collimated transmittance values down to ϳe
Ϫ52
. Appropriate dilutions of Intralipid™ 10% ͑Fresenius Kabi AB, Stockholm, Sweden͒ with deionized water were used to prepare the samples, which were contained in a 1-cm-thick, 5-cm-wide quartz cell. The incident pulses at 1064 nm ͑9 ps duration, 113 MHz repetition rate, ϳ2 mm beam diameter͒ are provided by a Nd:vanadate mode-locked laser ͑GE-100-1064-VAN, Time-Bandwidth Products GmbH, Zürich, Switzerland͒. As sketched in Fig. 1 , the light beyond the sample cell enters a single-mode optical fiber ͑LPC-03-1064-6/125-S-2.2-10AC-40-3S-3-5, OZ Optics Ltd., Carp, ON, Canada͒ carefully aligned to the incident beam. The fiber ͑F in Fig. 1͒ , has numerical aperture 0.092 (1/e 2 value͒ and mounts an achromatic collimating lens L of 6 mm diameter and 10 mm focal length so that light impinging on L within a full angle of 0.6 mrad about the optical axis gets the F core ͑nominal diameter: 6 m͒ and is effectively guided by F. Lens L is located at a distance Ͻ1 mm from the cell window. The light from fiber F output is conveyed to the TCSPT detector ͑sensitive-area diameter: 10 m͒ by a 20ϫ microscope objective both for collecting all the light and for optimizing the time resolution. 15, 16 The TCSPC detector is a single-photon avalanche photodiode ͑SPAD͒ of original design 17 whose operation is described in more detail elsewhere. 18 The avalanche current pulse from the SPAD is used to start the time-to-amplitude converter ͑2145 Canberra APPLIED PHYSICS LETTERS VOLUME 84, NUMBER 13 29 MARCH 2004 Inc., Meriden, CT, TAC in Fig. 1͒ , while the stop pulses are provided by a pin photodiode detecting a fraction of the incident pulse via a constant fraction discriminator ͑2126 Canberra͒, and an adjustable passive delay line. The TAC outputs are finally sent to a PC-based multichannel analyzer ͑MCA͒. Each MCA bin corresponds to 2.16 ps and the converted time window covers ϳ10 ns, which is greater than the time spacing between successive laser pulses. Due to the low dark-count rate of the SPAD, 17 by stopping the acquisition when the histogram peak channel reaches a value of 10 000 counts, histograms with excellent signal-to-noise ratios are obtained ͑e.g., ratio Ͼ1000:1 in the TOF measurement across Intralipid 5%; averaging time: ϳ13 min).
Since a run of TOF measurements comprises typically 20 concentrations and takes one day to be performed, a fraction of the incident pulse is also delivered to the SPAD through a multimode optical fiber (F Synch in Fig. 1͒ in order to maintain an absolute time scale for the entire run. The start pulses due to photons reaching the SPAD through the F Synch fiber give rise to two sharp peaks which, being separated by ϳ8.8 ns ͑1/113 MHz͒, can be both converted in the time window of ϳ10 ns. They are positioned at the first and last channels of the MCA, as depicted in the lower left corner in Fig. 1 , by adjusting the electronic delay line. Over hours, the time distance of these peaks is stable within Ϯ1 channel, while their absolute positions drift by ϳ100 channels. Preliminary to a run of TOF measurements, the first TOF distribution to be measured ͑signal from the single-mode fiber F͒ is made to fall in the region between these time markers by longitudinally shifting the input head of fiber F sync . Combining the two markers synchronizes all data files with respect to the arrival time of the laser pulse at the cell input window and provides an absolute time scale for the TOF distributions to be analyzed.
The prompt response of our TCSPC setup to the suitably attenuated ͑see neutral-density filters in Fig. 1͒ laser pulse has a full width at half-maximum duration of 34.5 ps. It is plotted in Fig. 2 on logarithmic scale to evidence its clean and narrow shape with slow decay tail down to the background level, which is deliberately not subtracted. Figure 3 displays a selection of TOF distributions normalized to their integrals that are indicative of the behaviors we observed in the range from 1% to 10% Intralipid concentration. Qualitatively, it is observed that, on increasing concentration, the fast initial transient, which is very similar in shape to the TOF distribution through water ͑and air͒, starts being followed by a tail and becomes undetectable when the tail develops into a slowly rising delayed distribution that broadens more and more. Prior to analysis, we mention that the weight of the fast initial transient is very sensitive to the alignment of the single-mode fiber F ͑see Fig. 1͒ . The TOF measurements reported in this letter are from a series measured with optimal alignment.
To check that the fast transient corresponded to the early-arriving signal carried by the nondiffused photons, that for clarity we call ''photon through water,'' we made pairs of measurements for single concentration values; in the first measurement, we preliminarily aligned fiber F to maximize the transient peak, and in the second one, we misaligned it minimally to lose evidence of the peak. Figure 4 shows such a pair of TOF distributions measured for 3.2% Intralipid concentration as full-line curves ͑1͒ and ͑2͒. We also measured FIG. 4. TCSPC measurements for 3.2% Intralipid ͑full line, curve 1͒ with peak value 10 000 counts͒ and for water ͑circles͒. Their difference ͑squares͒ fits the TCSPC measurement through 3.2% Intralipid ͓curve ͑2͒ full line͔ in which the light-collecting fiber ͑F in Fig. 1͒ has been slightly misaligned to avoid the photon-through-water signal. The counts of curve ͑2͒ were suitably normalized before plotting.
the TOF distribution through the cell filled with water. By subtracting it, suitably scaled ͑open circles in the figure͒, from the first distribution of the couple, we obtained a distribution ͑open squares͒ matching the second one of the couple in shape. The integral of the distribution shown by the open-circle curve in Fig. 4 divided by the integral of the first distribution, curve ͑1͒, provides the probability of a detected photon to have crossed the cell containing 3.2% Intralipid by traveling through the water fraction of the medium. The method allows one to calculate the fraction of photons actually traveling through water at each concentration ͑see Fig.  5͒ and to interpret the difference-distributions as TOF distributions for the photons that underwent scattering events. Actually, the difference distributions obtained in this work for 1064 nm pulses across 1 cm thickness of 1%-to-10% Intralipid samples have shapes that match those of TOF distributions measured for 532 nm pulses at lower concentration values, 18 in agreement with the fact that the reduced scattering coefficient decreases at increasing wavelengths. 19, 20 Preliminary analyses of these difference-distributions with the numerical method described in Ref. 18 seem to agree with a reduced scattering coefficient s ЈХ17 cm Ϫ1 , which is a value reconcilable with the evaluations of scattering coefficient s , and asymmetry factor g, reported in the literature ͑see Figs. 1 and 2 of Ref. 20 for an updated collection of s and g data at 1064 nm for Intralipid͒. By taking, for the total ͑scattering plus absorption͒ extinction coefficient, the value 0.0136 ͑l/ml͒/mm, in which the concentration is measured in ml of stock Intralipid 10% added to prepare 1 l of solution at the desired concentration and the optical pathway is expressed in mm, 19 we can convert the abscissas in Fig. 5 into the logarithms of the reciprocal collimatedtransmittance values ͑see upper scale͒. This operation makes it evident that, in TCSPC measurements that take few minutes to be performed ͑averaging time of the 3.8% Intralipid measurement: ϳ3 min; signal-to-noise ratio: Ͼ50) by using Ͻ5 W/cm 2 incident average intensity, we can detect sizeable photon-through-water peaks beyond samples with collimated transmittance values as low as ϳe Ϫ52 ͑optical density of ϳ23). It seems reasonable to conclude that a TCSPC technique utilizing a detector with the fast response and low dark-count rate of our SPAD, electronic circuitry, and suitable optical devices providing an absolute time scale with excellent stability ͑see our time markers of the incident pulses͒ and a collection optics based on a single-mode fiber ͑0.6 mrad full acceptance angle͒ might have a future also in optical tomography in scattering samples.
As final remarks, we mention that there is no Kerr-gating device driven by any laser source that could operate the selective detection of the photon-through-water peak with signal-to-noise ratios comparable to those of our measurements in similar averaging times. On the other hand, the direct detection by means of streak cameras, which have better time resolution than that of our TCSPC system and can have single-photon sensitivity would hardly allow one to perform a selection in an angle as extreme as that of a singlemode optical fiber. Actually, when Yoo and Alfano used a streak camera to measure the forward-scattered light with Ϯ4 mrad tolerance, 3 they reported results similar to ours but could evidence the ''coherent peak'' of the early-arriving ballistic photons for samples much more translucent than ours ͑see 
